protein mapping is a technique that allows the separation and visualization of up to several thousand proteins in a single analysis (O'Farrell, 1975; Anderson and Anderson, 1 978a,b) . This technology therefore has the potential to yield a much more comprehensive picture of protein effects than has been available previously. Through computer analysis of 2-D patterns (Anderson et al., 1981) , it is possible to quantitate the abundance ofproteins quite accurately. More than 100 polypeptides can be measured on Coomassie blue-stained 2-D patterns of mouse liver proteins with coefficients of variation less than 15% (i.e., competitive with many enzymatic or immunochemical-specific protein tests) (Anderson et a!., 1985) .
In a previous paper, we showed that Aroclor 1254, a mixture of polychiorinated biProteins carry the principal responsibility for moment-to-moment operation of a living cell. The reactions ofcellular metabolism are regulated by protein enzymes, and many of the architectural features of the cell depend on structural proteins. It is therefore natural to look to effects on proteins as important initial features of drug action, and as secondary consequences along the path to cell alteration or death.
Two-dimensional (2-D) electrophoretic phenyls known to induce a range of microsomal enzymes (Alvares el at, 1973), produced a variety of dose-related changes in the protein pattern ofunfractionated mouse liver (Anderson et at, 1986) . On the basis of this preliminary experiment, it was suggested that analysis of liver proteins of treated animals could provide much more information per animal than could many current test protocols. Drug-induced changes in the synthesis or degradation of individual proteins should be visible, and information on the nature of such proteins should contribute to an understanding of drug action. A number of stringent criteria must be met, however, before this possibility can be realized-First, it must be shown that the effects of compounds having different mechanisms ofaction are indeed different. Unless some specificity is observed, the information obtained by measuring hundreds of proteins would be minimal. Second, it must be shown that there is some value in documenting effects on proteins of currently unknown function. Since the vast majority of proteins observed will be unidentified (at least as to enzyme or other recognizable name), the important question is whether other sorts of information, short of precise identification, can make observed effects valuable.
In this paper, we make an initial attempt at addressing both issues. In the first case, we use protein mapping with computerized data reduction to compare the patterns of liver proteins from replicate mice treated with high doses of five different compounds: Aroclor 1254, phenobarbital (known to induce a more restricted range of microsomal activity), ibuprofen (an analgesic and aritiinflammatory compound used very widely in humans), cycloheximide (an inhibitor of eukaryotic protein synthesis), and carbon tetrachloride (a classic hepatotoxic agent). High doses are used, capable of leading to the deaths of some animals, to provide the best opportunity to observe characteristic effects. As to the second issue, we use cell fractionation techniques to divide the proteins observed into categories associated with the major cell organelles: the nucleus, mitochondria and lysosomes, microsomes (endoplasmic reticulum and Golgi apparatus), and soluble phase This approach provides a basic piece ofinformation about each protein in the pattern, despite the lack of a formal identification for all but a few. In particular, this fledgling protein database allows us to ask whether the major effects of any of the test compounds are restricted to the microsomal cell fraction, the site of most known liver detoxification apparatus.
METHODS
Male CS7BL/6JANL mice between 4 and 5 months of age were given xenobiotic or sham treatments by stomach tube. Each group consisted of six mice assigned by randomizing individuals from five cages. Hydrophobic agents were administered in peanut oil; treated mice received 0.2 ml of 25% carbon tetrachloride (25 mI/kg), 8 mg/mi ibuprofen (80 mg/kg), or 25 mg/mi Aroclor 1254 (250 mg/kg). Control mice received 0.2 ml of peanut oil alone Phenobarbital was administered in food pellets (0.1% by weight; approximately 200 mg/kg ingested). Cycloheximide was administered by gavage as 1 ml of0.8 mg/mi in water (40 mg/kg). All treatments were given daily for 7 days, except for cycioheximide, which was administered for only 4 days due to high toxicity. Several mice did not survive treatment at these doses: two mice receiving carbon tetrachioride, two receiving ibuprofen, and one receiving cycloheximide died before completion ofthe treatment period and were not analyzed. Surviving mice were killed by cervical dislocation on the day following the last treatment, and the apical end of the left lobe of the liver was homogenized in a solution of 9 M urea, 2% NP-40 detergent, 2% mercaptoethanoi, and 2% ampholytes (pH 9-11), at a final pH of 9.5. Soiubilized samples were centrifuged at I 00,000g for 30 mm, and the supernatants were stored at -SOT.
Liver freshly excised from male CS7BL/6JANL mice was used as starting material for several classical fractionation protocols. Mitochondria (Chappall and Hansford, 1972) , microsomes (Tata, 1972) , and nuclei (Blobel and Potter, 1966) were prepared according to the methods referenced. The soluble phase was prepared by homogenizing I g of liver (chopped with scissors and washed with 0.25 M sucrose) in 4 ml 025 M sucrose with a Dounce homogenizer. This homogenate was centrifuged for 1 hr at 105,000g, 5'C, and the supernatant was collected. All fractions were prepared for 2-D electrophoresis by the addition of 9 M urea, 2% NP-40, 2% mercaptoethanoi, and 2% ampholytes (LKB, pH 9-11). •0.
.400 All values are in units of pixel-grey levels divided by 10. MSN stands for master spot number, the serial number assigned to each protein spot in this experiment. An asterisk (*) indicates values different from the control group at significance p <0.001. "U" indicates a situation where the spot was not detected on any gel of the group. Two-dimensional electrophoresis was performed with six control samples was analyzed twice (on different the 7 X 7-in. ISO-DALT system (Anderson and Anderbatches of gels), as were several of the experimental son, 1978a,b) in batches of 20 gels. First-dimension gels samples. contained a 1:1 mixture of Biolyte pH 3-10 and pH 5-7
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The TYCHO 2-D gel data processing system (Anderampholytes (Bio-Rad Laboratories), and second-dimenson et aL 1981) was used to analyze 2048 X 2048 pixel sion 9-17% linear polyacrylamide gradient slab gels were prepared by a computer-controlled casting device. Gels all were stained with Coomassie brilliant blue and were into registration (Taylor et at., 1983 (25) 994 (168) 906 (115) 758 (99)* 1,135 (93) 92 349 (23) 228 (20) 245 (24) 280 (27) 105 (27) igures show the number of proteins that were observed to change in abundance due to xenobiotic treatment with p c 0.01 orp c 0.001 as determined by a conventional statistical t test interpreted with a very conservative value for number of degrees of freedom. The number of protein changes in common between each pair of compounds is shown as the number changed in the same sense (i.e., both compounds increase the protein, or both decrease it) over the total number ofcommonalities.
the gel) by setting the total of all matched spots of abundance less than 30,000 units equal to the sum ofthe corresponding spots on the master gel. Since this scaling was typically done over 450 spots for each gel, it provides a good method for normalizing individuals. To select a set of reproducible and well-behaved protein spots, we selected those proteins that were matched properly on all 12 control gels. These 213 proteins form the data set analyzed here. A statistical I test (Sokal and Rohlf, 1981) was used to evaluate the significance of quantitative differences from control values. Because the variance of protein abundance measurements is not independent of abundance, we used a value for the number of degrees of freedom equal to the minimum value for control or treated groups. This assumption yields more conservative estimates of significance than do some other common approaches. Principal component analysis was performed with the ARTHUR software package (Infometrix, Inc.) essentially as described (Anderson ci aL, I 984a)
RESULTS
Two-dimensional protein maps of unfractionated mouse liver typically show 600-800 protein spots when stained with Coomassie brilliant blue. Figure 1 shows the appearance ofrepresentative control and treated samples prepared from the mice in the present experiment. All the compounds included here produce reproducible protein changes that can be detected by eye. Figure 2 shows the major changes presented schematically on a master protein pattern and provides molecular weight and spot identification information. Table 1 presents protein abundance data on selected spots for the control and treatment groups. A statistical analysis of quantitative measurements derived from these patterns turns up additional differences and provides a measure of the statistical significance of individual effects. The numbers of proteins found to show quantitative changes at t-test significances of p < 0.01 and p <0.001 are shown in Table 2 -In addition, Table 2 shows the overlap of these sets between compounds. Each compound produces some effects in common with Aroclor 1254, and in almost all cases these changes are in the same sense (increasing or decreasing abundance). While differences at ap < 0.01 significance are generally acceptable as reliable effects (in this case almost all are verifiable by eye) it is important to realize that among 213 variables two or three should show differences at this The horizontal dimension corresponds to the first principal component (representing S4.6% of total data variance), and the vertical dimension to the second principal component (7.7% of data variance). Each group of animals forms a recognizable cluster: controls (circles), carbon tetrachloride (triangles), ibuprofen (ovals), phenobarbital (rectangles), Aroclor 1254 (squares), and cycloheximide (hexagons). The greatest intragroup heterogeneity appears in the ibuprofen group, where one individual seems substantially different from the others. The cycloheximide-treated group is better resolved from [he control and other groups by the third principal component (not shOwn).
level by chance. Since, however, each of the compounds tested shows 11 or more effects at p < 0.01, and since each of the agents shows some effect at the more rigorous level of p < 000 1, we can conclude that statistically reliable effects are observed with each agent.
Mixed chlorinated hydrocarbons produce by far the most widespread pattern of change observed in this experiment (96 proteins significantly changed in abundance at p <0.01, and 60 at p< 0.00 1).
At the dose delivered in this experiment, phenobarbital produces a small number of effects, most of which are also observed with Aroclor 1254. Only one is significant at p <0.001.
Ibuprofen also induces a small set of changes, and most ofthese are once again observed with Aroclor 1254. However, one protein detected by visual analysis (circle in Fig.  IF ; spot No. 731 in Fig. 2) shows an increase apparently unique to this compound out of the group studied. Its molecular mass is approximately 54,000 Da (Fig-2) . Since the protein is not reliably detected in untreated liver, it was not included in the set of 213 proteins initially chosen for study and its primary subcellular location was not revealed by subcellular fractionation experiments. We have called this protein Ibu: 1, in line with previous protein-mapping nomenclature (Anderson et aL, 1981) .
Carbon tetrachloride produces large abundance changes in a variety of cellular proteins, many of which are different from the effects of Aroclor 1254. This divergence ach protein found to change atp <0.001 was located in the cell fractions, and was assigned to one fraction only if there was a clear predominance over all others. In cases where two or more fractions showed appreciable amounts of a protein, the location is assumed unknown. ;-~>n-~B a H P p >~p~.n 0-p P -0p .~B op-pP
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.. Fig. 1E ) is dramatically increased in abundance while others, including a range of soluble-phase proteins, are decreased. Cycloheximide produces a small number of changes of a characteristic nature. A microsomal spot, identified tentatively as the proalbumin polypeptide on the basis of charge and molecular mass (see below), is decreased dramatically, as would be expected to follow decreased synthesis of this major liver product and its subsequent clearance from the endoplasmic reticulum and Golgi apparatus. At least one proteinis increased following cycloheximide treatment, suggesting that decreased protein synthesis may lead to decreased turnover of some molecules. Finally, one microsomal glycoprotein present in the Golgi (see below) appears to become at least partially unglycosylated. The rather extended spot corresponding to the protein becomes two spots, one very slightly below the normal location, just distinguishable in overlap comparisons of the patterns. This change is one of the major effects when cultured cells are treated with tunicamycin, an inhibitor or asparagine-linked glycosylation (NLA, unpublished), and suggests that cycloheximide treatment interferes, directly or indirectly, with protein glycosylation in the Golgi.
The relationship between the different drug-induced patterns of change was examined by the use of a multivariate statistical approach. Figure 3 shows the positions of all individual patterns analyzed with respect to the first two largest principal components of a conventional principal component (PC) analysis (Anderson et al., 1 984a) Each treatment produced a relatively tight distribution of individuals, separate from the other treatments. The largest discrepancy occurs with ibuprofen, where one individual differs significantly from the other three. All treatments show some excursion to the same side of the controls in the first component. This component may thus represent a pattern of protein change associated with liver toxicity generally, while the second (and possibly further) component represents more specific effects.
Cell fractions prepared through the classical methods of differential centrifugation were analyzed to assign individual proteins to cell compartments (Table 3) . As shown in Fig. 4 , the three major fractions (soluble, mitochondrial, and microsomal) account for a large majority of the proteins. The nuclear fraction contains only a few minor specific proteins detectable in the pH range investigated here (diamonds in Fig. 4A) ; the principal nuclear proteins (histones, etc.) are too basic to focus on these gels and are visible instead on BASO gels (Willard et aL, 1979) .
The mitochondrial proteins detected are generally neutral or basic and most have polypeptide molecular masses greater than 40,000 Da Three major mitochondrial proteins (labeled 1-3 in Fig. 4A ) have previously been characterized on 2-D gels as Mitcon: 1, :2, and :3. Mitcon: 1 is the~3subunit ofthe Fl ATPase and is highly conserved in position among the mammals. Mitcon:2 and :3 are mitochondrial matrix polypeptides (Anderson, 1985) of unknown function.
The microsomal proteins resolved on these gels are, by contrast, primarily acidic molecules. The two of highest molecular mass (boxes 1 and 2 in Fig. 4C ) are known from analogy with studies of human proteins to be glycoproteins not present on the cell surface (and hence likely to reside in internal membranes). Square 2 is likely to be a major Golgi apparatus protein (Lin et a!., 1982) . Square 3 is likely to be the proalbumin polypeptide, and square 5 is almost certainly cytochrome b 5 -Square studies in human cells to be highly glycosylated but not present on the cell surface. The second highest (box 2) is known to be associated with the Golgi apparatus (Lin et a!., 1982) . Several low molecular mass microsomal proteins are resolved, the smallest of which (box 5) is likely to be cytochrome b 5, on the basis of similarity to the purified rat protein (Anderson et at, 1986) .
One microsome-associated spot (box 3 in Fig. 4 ) occupies a position expected for the proalbumin polypeptide: the known sequence of the rat albumin primary translation product (presumably similar to the mouse sequence) indicates that the n-terminal peptide extension (removed after the signal peptide) has a net charge of +3, placing this molecule three charge shift units to the right (more basic) and very slightly above the position of albumin, precisely where the candidate is observed Proalbumin should be located primarily in the endoplasmic reticulum and perhaps the Golgi apparatus and should therefore appear mainly in the microsomal cell fraction as observed. The reduction in abundance of this protein following cycloheximide treatment is consistent with its role as a short-lived intermediate form of the plasma protein.
DISCUSSION
The results presented here clearly demonstrate effects of high-dose xenobiotic treatment on the protein composition of livers of treated mice. Two-dimensional protein mapping allowed us to measure the abundance of more than 200 proteins in each mouse and thereby uncover a variety of specific changes due to each treatment. Although very few of the proteins measured have been identified so far, a cell fractionation approach provided sufficient characterization ofmost proteins to shed some light on the nature of the effects observed. Somewhat surprisingly, the microsomal proteins did not account for a majority ofchanges induced by any ofthe compounds.
Even Aroclor 1254 (which causes substantial proliferation of the smooth endoplasmic reticulum and induces a range of cytochrome F-450s) produced changes concentrated elsewhere in the cell. Although cytochrome b5 (primarily amicrosomal protein) is clearly induced, most affected proteins are either cytosolic or mitochondrial. Such results suggest that high-dose effects of these compounds may involve several subcellular sites.
In particular, this result indicates that many changes in cellular metabolism take place in the cytoplasm of cells treated with agents best known for their effects on microsomal enzymes. Vlasuk and co-workers (1980, 1982) , in a series of elegant studies of microsomal enzyme inducers in the rat, used two-dimensional electrophoresis to examine exclusively the microsomal proteins. Their system was optimized for analysis of cytochrome F-450s (and was highly successful in this regard), yet because of the prefractionation to enrich microsomes, effects on the soluble and mitochondrial proteinswere not observed. The system used here is more comprehensive, since unfractionated liver is analyzed, but still not complete due to the absence ofvery basic proteins from these maps.
Cytochrome P-450, for example, appears to be too basic to appear on gels of the type used here (Anderson et at, 1986) , and would require use ofBASO gels in our system (Willard et at, 1979) . Nevertheless, we believe that the present system allows examination of a much broader spectrum of proteins than do previous studies, and that through the use of computerized quantitation it allows much more subtle effects to be observed One ofthe principal reasons for examining many individual proteins is the possibility of discovering a specific protein involved in a particular pharmacologic effect Protein Ibu: 1 was found to be increased substantially by ibuprofen treatment, while most other proteins altered by ibuprofen are similarly changed by Aroclor 1254 and may represent part of a general liver response. Ibu: I thus represents an example of a candidate specific indicator protein. A general survey of other mouse organs would reveal whether the protein is increased at the sites ofmajor overdose toxicity; ifso, Ibu: 1 could merit further investigation as a specific indicator of ibuprofen intoxication and as a clue in the search for the mechanism of toxicity. If such an effort were desirable, a range of biochemical techniques exists for translating an observation from a 2-D gel to the realms of routine testing and molecular biology. By preparing a series of 2-D separations from treated animals, sufficient Ibu: 1 protein can be obtained to allow microsequence analysis and subsequent identificalion ofthe associated gene, as well as preparation of a specific antibody-Immunohistochemical methods, in concert with cell fractionation, can then pinpoint the subcellular location of the protein. Given such information, a range of possible functions can be inferred and tested Thus, it may be possible to proceed from a protein-mapping survey to the detailed study of one or more molecules likely to be involved somehow in the drug effect.
A potential drawback of the protein-mapping approach is that it does not measure the "effectiveness" of the proteins observed (enzymatic activity, etc.), but only the amount ofpolypeptide present. Thus, if a drug inhibits an enzyme by noncovalent binding and produces no change in the amount of enzyme, then a major metabolic effect could occur without a change in the protein pattern. Alternatively, a drug could induce or eliminate a protein, but one of such low abundance that it is not detected oil tissue protein maps. Negative results are thus likely to be obtained for at least some compounds. A major feature of the data presented here is that they demonstrate experimentally that many compounds do produce observable effects. Whether these are due to gene regulation events triggered by the xenobiotic (induction by Aroclor 1254 orphenobarbital, or translation shutoffby cycloheximide) orto the selective destruction of cell types or organelles (as may occur following carbon tetrachloride treatment), the result ought to be interpretable against a sufficient database of informatiojt The construction of such a comprehensive database for mouse, and ultimately rat, liver is likely to yield fundamental new insights in toxicology and pharmacology.
